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Just fourteen years ago, 
Victor Ambros and coworkers 
discovered the first microRNA 
(miRNA). And just eight years ago, 
small interfering RNAs (siRNAs), 
the small silencing RNAs that 
mediate RNA interference (RNAi), 
were identified and subsequently 
shown in animals to be derived 
from a longer double-stranded 
RNA trigger and to serve as 
guides for the destruction of 
complementary mRNAs. The 
discovery of siRNAs enabled 
the application of RNAi — itself 
discovered in plants in 1990 and 
in animals in 1995 — to mammals, 
much as the identification in 
1998 of double-stranded RNA as 
the trigger of RNAi enabled the 
widespread use of RNAi in other 
animals. Today, tens of thousands 
of small silencing RNAs have been 
identified, generating an alphabet 
soup of small silencing RNA types 
and sub-types. 
Small silencing RNAs have 
captivated the scientific 
world — bringing new genetic 
tools to model organisms, new 
explanations for regulatory 
interactions, new methods to 
pharmaceutical discovery, and 
new life to the biotechnology 
industry (where young start-up 
companies strive to develop 
siRNA-based drugs). They have 
even generated unprecedented 
discussion in the popular press: 
the cover of the international 
business magazine, the 
Economist, recently proclaimed 
small RNAs to be “Biology’s Big 
Bang”. For those of us in the RNA 
silencing field, the rapid progress 
in understanding the mechanisms 
and functions of small silencing 
RNAs and the accelerating 
discovery of new classes of 
tiny RNA silencers has been 
exhilarating.
Despite their functional and 
biological diversity, all small 
Primer silencing RNAs function bound to a member of the Argonaute 
family of proteins. Through their 
association with Argonaute 
proteins, small RNAs take on 
unique properties that allow them 
to regulate diverse biological 
processes. Here, we shall 
consider the three dominant 
classes of animal small silencing 
RNAs: miRNAs, siRNAs and 
PIWI- interacting RNAs (piRNAs; 
Figure 1).
miRNAs
miRNAs reside in the genomes 
of plants, animals and viruses, 
but not, we believe, those of 
fungi. miRNAs are transcribed 
as mRNA-like primary (pri-) 
miRNAs containing ~70 nucleotide 
long stem–loop structures 
(Figure 1A). Once excised from 
the pri- miRNA by the nuclear 
enzyme Drosha, these stem-loops 
become precursor (pre-) miRNAs. 
Pre- miRNAs are exported from the 
nucleus to the cytoplasm, where 
they are cleaved again, by the 
ribonuclease Dicer, to yield ~22 
nucleotide long mature miRNAs 
containing 5´ phosphate and 3´ 
hydroxy termini. A small number 
of pre-miRNAs also double as 
introns — ‘mirtrons’ — which are 
processed first by the pre-mRNA 
splicing machinery in the nucleus, 
rather than Drosha, and then by 
Dicer in the cytoplasm.
miRNAs are an ancient 
innovation among animals: 
for example, both of the first 
two miRNAs discovered, lin- 4 
and let- 7, are conserved 
from nematodes to humans. 
The conservation of miRNAs 
between monocots such as 
wheat and dicots such as 
Arabidopsis — plants that 
diverged over two hundred million 
years ago — suggests an ancient 
origin for miRNAs in plants, 
too, and the recent discovery of 
miRNAs in the green unicellular 
alga, Chlamydomonas reinhardtii, 
hints that miRNAs could date back 
to the dawn of photosynthetic 
eukaryotes. Nonetheless, there 
is no compelling evidence that 
plants and animals share any 
miRNA in common, suggesting 
that miRNAs arose at least twice 
in evolution, perhaps from an 
ancestral RNAi pathway.Plant miRNAs are nearly 
perfectly complementary to the 
mRNAs they regulate, allowing 
them to direct the Argonaute 
protein, Ago1, to cleave their 
targets, which are often members 
of transcription factor families 
that regulate leaf or floral 
development. Both plant miRNAs 
and siRNAs are 2´-O- methylated 
at their 3´ termini by the 
S- adenosyl methionine- dependent 
methyltransferase HEN1. This 
modification is thought to 
protect plant small RNAs from 3´ 
polyuridylation, a signal likely to 
promote small RNA degradation. 
Chlamydomonas miRNAs are also 
methylated, suggesting that the 
small RNA methylase, HEN1, was 
present in an ancestral, unicellular 
plant.
Animal miRNAs are generally 
not terminally modified, and they 
are typically less complementary 
to their target mRNAs than those 
in plants. Animal miRNAs can 
direct the Argonaute protein Ago2 
to cleave an mRNA target — a 
process that requires extensive 
base pairing between the miRNA 
and its binding site on the 
mRNA. This form of regulation 
is rare, with only eight examples 
identified in mammals among the 
tens of thousands of predicted 
miRNA:mRNA regulatory pairs. 
Instead, most animal miRNAs 
either block mRNA translation 
or target mRNAs for destruction 
by standard mRNA turnover 
mechanisms.
miRNAs can bind their 
targets even when they 
are complementary at 
just six or seven — very 
special — contiguous bases. This 
region of the miRNA, comprising 
miRNA nucleotides 2 through 7, 
is known as the ‘seed’, and is 
created only when the miRNA is 
fully engaged with an Argonaute 
protein. The ability of miRNAs 
to bind their targets through the 
seed alone makes target finding 
difficult, although computational 
predictions have been surprisingly 
successful, especially when 
evolutionary conservation of 
miRNA-binding sites is used to 
evaluate preliminary results.
How miRNAs regulate 
their mRNA targets remains 
contentious. Do some miRNAs 
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Figure 1. Biogenesis of small silencing RNAs. 
(A) In animals, pri-miRNAs are transcribed by RNA polymerase II (or, rarely, by RNA polymerase III), processed in the nucleus into 
pre-miRNAs by the RNase III enzyme, Drosha, and then exported to the cytoplasm where the pre-miRNAs are converted to miRNA/
miRNA* duplexes by a second RNase III enzyme, Dicer. In plants, the nuclear enzyme, DICER-LIKE 1 acts as both Drosha and Dicer. 
How miRNAs are loaded into Argonaute proteins is not yet known. (B) In the Drosophila RNAi pathway, Dicer-2 acts twice: once to 
make siRNAs from long double-stranded RNA and once to load the siRNA duplex into Argonaute2. (C) A speculative model for the 
production of piRNAs in animal germ cells.increase mRNA turnover while 
others repress translation, or is 
mRNA instability a consequence 
of blocking translation for some 
mRNAs? Which step of translation 
do miRNAs regulate? Some 
data suggest that miRNAs block 
protein translation after the 
initiation of translation, perhaps by 
inhibiting polypeptide elongation 
or even by degrading the nascent 
peptide. Recent data implicate 
translational initiation as the 
regulated step. 
In human cells, Ago2 has been 
proposed to contain a domain 
that binds the 7-methyl-guanosine 
cap of mRNA, competing with 
the binding of eIF4E that is 
required to recruit ribosomes 
to a message. Alternatively, 
miRNAs have been hypothesized 
to increase the concentration 
of eIF6 on their target mRNAs, 
thereby antagonizing ribosome 
subunit joining, a prerequisite 
for the assembly of a functional 
ribosome. Animal miRNA ribonucleoproteins have also 
been proposed to direct mRNAs 
to cytoplasmic sites of RNA 
degradation such as P-bodies 
or stress granules. In zebrafish, 
miRNAs promote deadenylation 
of maternal RNAs at the onset of 
zygotic transcription, a clever way 
of clearing unneeded transcripts 
that might otherwise sequester 
much needed ribosomes. 
miRNA- directed deadenylation 
has also been observed in 
cultured mammalian cells.
siRNAs
siRNAs guide RNAi, a conserved 
eukaryotic response to foreign 
nucleic acids and the primary 
anti-viral defense for plants and 
many animals. Since the discovery 
of siRNAs in 1999 by Hamilton 
and Baulcombe — as small RNAs, 
whose presence correlates with 
sequence-specific RNA silencing 
in plants — subclasses of 
siRNAs — scnRNAs, natsiRNAs, 
tasiRNAs, casiRNAs, 21Us, tncRNAs — have proliferated. 
Most are simply siRNAs with 
unusual functions, while others 
are not really siRNAs at all. 
By convention, the names 
of major classes of small 
silencing RNAs –– miRNAs, 
siRNAs, and piRNAs –– are 
not intended to encapsulate 
their regulatory mechanisms or 
biological functions, but rather 
to reflect their distinct modes of 
production. For simplicity, we 
subdivide siRNAs into just two 
kinds: those that derive directly 
from the double- stranded RNA 
trigger and function without 
amplification (Figure 1B); and 
siRNAs, whose function requires 
amplification of an initial long 
double-stranded trigger RNA 
by an RNA-dependent RNA 
polymerase (RdRP; Figure 2).
Canonical, or primary, 
siRNAs are produced from 
double- stranded RNA by Dicer, 
which cleaves processively from 
an end of the double- stranded 
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steps. Dicer substrate RNA 
can arise from viral replication 
intermediates, convergent 
transcription, transcripts 
that self anneal (hairpins), or 
experimentally introduced 
double-stranded RNA. The 
product of dicing is the siRNA, a 
21 nucleotide duplex containing 
19 base pairs and 2-nucleotide, 
3´ overhanging ends. Dicer 
products contain 5´ phosphate 
and 2´, 3´ hydroxy termini, 
but may be subsequently 
modified by S- adenosyl 
methionine- dependent 
methyltransferases such as Hen1 
in plants and flies to generate 
a 2´- O-methyl, 3´ hydroxy end. 
Double-stranded siRNAs are 
assembled into Argonaute 
proteins by specific assembly 
factors that act to orient the 
siRNA within the Argonaute 
protein. They generate an effector 
complex that contains only one 
of the original two siRNA strands 
anchored through its 5´ end to a 
specialized phosphate-binding 
domain within the Argonaute 
protein. Such single-stranded, 
Argonaute-bound siRNAs guide 
Argonaute proteins to cleave a 
single phosphodiester bond within 
the target RNA. This cleavage 
site is measured from the 5´ end 
of the siRNA guide, between 
the target nucleotides paired to 
siRNA nucleotides 10 and 11.
Plants, fungi, and some animals, 
such as Caenorhabditis elegans, 
encode RdRP enzymes that 
copy single- stranded RNA into 
complementary RNA. The RdRPs 
that function in RNAi generate 
secondary siRNAs by copying the 
mRNA targeted by primary siRNAs 
(Figure 2). Primary siRNAs were 
originally thought to prime the 
production of double-stranded 
RNA by the RdRP copying the 
target RNA into complementary 
RNA, which would then be 
diced into secondary siRNAs. 
A growing body of evidence 
argues against this mechanism. 
Instead, it appears that RdRPs 
can generate double- stranded 
RNA by copying a target RNA 
end-to-end, without the use of 
primers, but that cleavage of the 
target RNA by primary siRNAs or 
miRNAs — probably to remove Figure 2. Amplification of 
the RNAi response by RNA-
dependent RNA polymer-
ases (RdRPs) in plants and 
worms. 
In plants, RdRP enzymes 
convert target RNAs to 
double stranded RNA that 
is cleaved by Dicer into sec-
ondary siRNAs. In worms, 
secondary small RNAs are 
short transcripts produced 
directly by RdRPs that use 
the target of the primary 
siRNA as a template.
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target — is a prerequisite for 
the RdRP to use an RNA as a 
transcription template. In plants, 
the new double-stranded RNA is 
then diced processively to create 
a phased array of stereotypical 
siRNAs that regulate other mRNA 
targets in trans.
In the nematode C. elegans, 
the RNAi response is initiated by 
primary siRNA diced from a long, 
double- stranded RNA trigger. The 
resulting primary siRNAs trigger 
the production of secondary 
siRNAs by an RdRP that uses 
the target RNA as a template. 
Worm secondary siRNAs — which 
are far more abundant than the 
initial primary siRNAs produced 
by dicing — are likely produced 
directly by transcription, 
without a double- stranded RNA 
intermediate or dicing. These secondary siRNAs are exclusively 
antisense to the RNAi target, 
include sequences both upstream 
and downstream of the original 
double-stranded RNA trigger, 
and begin with the 5´ di- or 
triphosphate group characteristic 
of transcription rather than 
the monophosphate that is 
the hallmark of dicing. Thus, 
C. elegans secondary siRNAs, 
unlike those in plants, ought 
probably to be renamed, as 
the term siRNA was originally 
intended to describe the small 
RNA products of Dicer.
Cleavage directed by the 
primary siRNAs may not be 
required for secondary siRNA 
production in C. elegans, as 
secondary siRNAs can be 
produced by a single primary 
siRNA only imperfectly 
complementary to its mRNA 
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function of worm primary siRNAs 
may be to recruit an RdRP 
to the target RNA. Moreover, 
C. elegans secondary siRNAs 
may be loaded into specialized 
Argonaute proteins that bind 
multi-phosphate termini instead 
of the 5´ monophosphate found 
on canonical siRNAs.
Plants produce siRNAs from 
inverted repeat transcripts 
through the action of two different 
Dicers. Dicer-like-4 converts 
double- stranded RNA into 
canonical siRNAs, 21 nucleotides 
long, that target mRNAs for 
cleavage. Dicer-like-3 makes 
~24 nucleotide siRNAs, the most 
abundant class of siRNAs in 
plants, implicated in directing 
DNA and histone methylation. 
All plant siRNA duplexes, 
both RdRP- dependent and 
independent, like plant miRNA 
duplexes, are 2´-O-methylated 
at their 3´ termini by the HEN1 
methyltransferase.
C. elegans also has multiple 
classes of endogenous siRNAs. 
21U-RNAs all begin with uracil 
and originate from only a 
few clusters that are specific 
to chromosome IV. On this 
chromosome, each 21U-RNA is 
flanked by a bipartite upstream 
motif, suggesting that each 
arises from its own transcript. 
However, these small RNAs 
bear 5´ monophosphates, so 
perhaps their 5´ ends are created 
by endonucleolytic processing 
or the initial 5´ triphosphate is 
post- transcriptionally converted 
to a monophosphate. The 
21U- RNA bipartite motif, 
but not any of the more than 
10,000 individual 21U- RNA 
sequences, is conserved between 
C. elegans and C. briggsae. 
Thus 21U- RNAs likely act in cis 
to regulate their own genomic 
locus. C. elegans also produces 
siRNAs 26 nucleotides long that 
always begin with guanosine 
and possess monophosphate 5´ 
ends. Both the 21U- and 26-mer 
siRNAs have blocked 3´ termini. 
The function of 3´ terminal 
modification is not yet known 
for any animal small silencing 
RNA class. Tiny noncoding 
RNAs (tncRNAs) correspond to 
the antisense strands of protein coding genes, begin with a  
5´ di- or triphosphate, and may be 
a form of endogenous secondary 
siRNA produced without dicing by 
RdRP-catalyzed transcription.
siRNAs nearly always 
reduce gene expression 
post- transcriptionally. siRNA 
function is best understood for 
flies and mammals, where they 
guide the Argonaute2 protein 
to cleave complementary target 
RNAs at the phosphodiester bond 
across from siRNA nucleotides 10 
and 11, leaving a 5´ fragment with 
a 3´ hydroxy and a 3´ fragment 
with 5´ phosphate terminus. 
Some siRNAs –– chiefly those 
with mismatches engineered 
in the central region to mimic 
miRNA:target duplexes –– act by 
controlling an mRNA’s translation. 
siRNAs can also function by 
activating transcription or 
translation of mRNA by an 
unknown mechanism that relies 
on specific Argonaute proteins. 
In the fission yeast, 
Schizosaccharomyces 
pombe, siRNAs can regulate 
gene expression both 
post-transcriptionally and 
co- transcriptionally. The source 
of double-stranded RNA from 
which S. pombe siRNAs are diced 
is thought to be RNA polymerase 
II transcripts converted to 
double- stranded RNA by 
the RdRP, Rdp1, which is a 
component of a complex that also 
contains a putative RNA helicase 
and a nucleotidyl transferase. 
The resulting siRNAs are thought 
to recruit an Argonaute-protein 
complex to nascent transcripts, 
directing the deposition of 
repressive chromatin marks, such 
as histone 3 lysine 9 methylation 
(H3K9), on centromeric DNA 
repeats. Similar siRNA-directed 
nuclear silencing phenomena 
have also been studied in detail 
in plants, but their existence and 
mechanism in animals, especially 
mammals, is more controversial.
piRNAs
PIWI-interacting RNAs (piRNAs), 
24–30 nucleotide long RNAs found 
in the germ cells of animals, are 
unique among small silencing 
RNAs in that they require neither 
an RdRP nor Dicer for their 
production (Figure 1C). Instead, they are thought to derive from 
single-stranded precursor RNAs 
tens or hundreds of thousands 
of nucleotides long. piRNAs bind 
a distinct subclade of Argonaute 
proteins, the PIWI proteins, 
which include Piwi, Aubergine, 
and Ago3 in flies, Smedwi in 
planaria, Siwi in sea urchins, 
and Hiwi in humans. In vitro, 
Piwi can cleave a target RNA, 
suggesting that piRNAs regulate 
their targets post-transcriptionally, 
but other evidence suggests 
they promote heterochromatin 
assembly in the nucleus. piRNAs 
were first identified in 2001 in 
flies, where they repress selfish 
genetic elements such as 
retrotransposons. 
piRNAs contain 5´ 
monophosphate and 2´-O-methyl, 
3´ hydroxy termini. The 2´-O-
methyl group is added, at least 
in flies, by the methyltransferase 
Hen1. In flies, piRNAs are thought 
to arise from ‘master loci’ rich in 
transposons, then act in trans to 
silence dispersed copies of the 
selfish genetic elements present in 
the original trigger locus. piRNAs 
have also been implicated in 
silencing transposons early in 
mammalian spermatogenesis. In 
mammals, however, many piRNAs 
map to genomic clusters that do 
not contain repetitive sequences. 
The functions of these piRNAs are 
unknown.
piRNAs may be generated 
by reciprocal cycles of 
PIWI- protein- catalyzed slicing 
followed by 3´ trimming by an 
exonuclease. In Drosophila, for 
example, the first 10 nucleotides 
of many piRNAs bound to 
Aubergine, most of which are 
antisense to transposable element 
transcripts, can be paired to 
piRNAs associated with Ago3. 
(Recall that all Argonaute proteins 
known to cleave their RNA targets 
cut after small RNA nucleotide 
10.) Nearly all Aubergine-bound 
piRNAs begin with uracil, whereas 
Ago3- associated piRNAs, which 
are almost all in the sense 
orientation, typically contain 
an adenosine at nucleotide 
10 — reflecting their base pairing 
with the first nucleotide of an 
antisense piRNA. Hence the 
suggestion that piRNAs are 
amplified by reciprocal rounds 
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Declining left-
handedness in 
Victorian England 
seen in the films 
of Mitchell and 
Kenyon
I.C. McManus and Alex Hartigan
Although left-handers currently 
form about 11% of the 
population, only about 3% 
of those born in 1900 were 
left- handed, a more than 
three- fold difference which 
requires explanation. Whether 
the difference results from 
social pressure for left-handers 
to become right-handed, 
artefacts resulting from response 
biasses that can occur when 
questionnaires are used, or 
perhaps a greater mortality of 
left-handers is still controversial 
[1–3]. Left-sided arm-waving, 
as observed in documentary 
films made between 1900 and 
1906, and which correlates with 
left-handedness, occurs less 
often in 391 individuals born in 
the Victorian period, than in a 
modern control group. Left arm 
waving was also more frequent 
in the older individuals in the 
Victorian sample, an age effect 
that excludes any explanation 
in terms of increased mortality 
of left-handers. Since Victorian 
social pressure to wave with 
the right arm also seems highly 
unlikely, and there can be no 
response bias, the most likely 
interpretation is of a falling rate of 
left-handedness in the nineteenth 
century, with a true increase 
in left handedness during the 
twentieth century. 
Between 1897 and 1913, Sagar 
Mitchell and James Kenyon 
made a series of documentary 
cinematographic films in northern 
England, of which 826 cellulose 
nitrate film negatives were found 
in June 1994 (see en.wikipedia.
org/wiki/Mitchell_%26_Kenyon). 
Two selections of these films 
have subsequently been released 
on DVD, The lost world of 
Mitchell and Kenyon (2004) (LW), 
and Electric Edwardians: The 
films of Mitchell and Kenyon 
(2005) (EE). We examined these 
films for lateralised behaviours, 
using a PC-based program to 
watch the films in slow motion 
and grab individual frames 
as a record. A pilot study of 
LW showed arm waving to be 
the most frequent lateralised 
behaviour, and the main analysis 
looked at all episodes of arm 
waving in EE. A modern control 
group of equal size to EE was 
obtained by entering ‘waving’ 
into Google Image (see the 
Supplemental data available 
on- line with this issue for 
technical details).
Most of the 391 arm waves  
in EE were carried out by  
males (N = 360, 92.1%). In EE  
the left arm was used in 61 
(15.6%) cases, compared with  
95/391 left-arm waves (24.3%)  
in the modern controls  
(χ2 = 9.23, 1 df, p = .0023). In the 
Victorian subjects, arm waving 
correlated strongly with age 
(Table 1: χ2 (Overall) = 18.56, 4 df,  
p = .00096; χ2 (linear) = 15.04, 
1 df, p = .00011). Sensitivity 
analysis showed the age effect 
was robust against possible 
mis-classification of age (see 
Supplemental Results).
Figure 1 compares the 
arm- waving data with the 
extensive hand-writing data 
of Gilbert and Wysocki [4]. In 
modern data there are more 
left- wavers than left-writers  
(just as left-footedness, left-
eyedness and left-earedness  
are more common than  
left-hand writing [5]). Knowing 
the modern relationship 
of handedness and 
waving (see Supplemental 
Results), estimated rates 
of left- handedness can be 
calculated from the arm- waving 
data for those born in the 
Victorian era (see Figure 1, 
in which estimated rates of 
left- handedness are shown as 
open circles and the dashed 
line). Earlier Victorian rates of 
left-handedness are broadly 
equivalent to modern rates, 
whereas rates then decline, with of cleavage, in which Ago3 
sense piRNAs direct cleavage of 
antisense transcripts producing 
the 5´ monophosphate end 
of Aub and Piwi antisense 
piRNAs. A 3´- to-5´ exonuclease 
could then trim the 3´ end of 
piRNA transcripts, perhaps 
acting together with the Hen1 
methyltransferase, which might 
terminate the trimming process by 
adding a 2´-O-methyl group to the 
3´ terminus of the mature piRNA.
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